The gut microbiota influences many aspects of host metabolism. We have previously shown that the presence of a gut microbiota remodels lipid composition. Here we investigated how interaction between gut microbiota and dietary lipids regulates lipid composition in liver and plasma, and gene expression in liver. Germ-free and conventionally raised mice were fed lard or fish oil diet for 11 weeks. We performed lipidomics analysis of liver and serum and microarray analysis of liver. As expected, most of the variation in the lipidomics dataset was induced by the diet and abundance of most lipid classes differed between mice fed lard and fish oil. However, the gut microbiota also affected lipid composition. The gut microbiota increased hepatic levels of cholesterol and cholesteryl esters in mice fed lard but not in mice fed fish oil. Serum levels of cholesterol and cholesteryl esters were not affected by the gut microbiota. Genes encoding enzymes involved in cholesterol biosynthesis were downregulated by the gut microbiota in mice fed lard and were expressed at a low level in mice fed fish oil independent of microbial status. In summary, we show that gut microbiota-induced regulation of hepatic cholesterol metabolism is dependent on dietary lipid composition.
Introduction
The composition of dietary fat is known to affect metabolic health. Consumption of saturated lipids is associated with metabolic perturbations such as obesity, hyperglycemia, dyslipidemia, increased hepatic lipogenesis and liver steatosis (1) . In contrast, consumption of polyunsaturated fatty acids is associated with a lean and metabolically healthy phenotype (2) (3) (4) . Emerging evidence suggests that some of the effects of dietary lipids on host metabolism may be mediated by modifications of the gut microbiota composition, which result in altered metabolic properties of the gut microbiota (5) (6) (7) (8) , and/or by alterations in gut integrity, which affect the extent of leakage of microbially derived metabolites into the circulation (6) .
Metabolites produced by the gut microbiota may be utilized as a source of energy by the host or may act as signalling molecules that influence host metabolism (8) . These metabolites can have a local effect in the intestine but may also be transferred from the gut into the circulation, thereby affecting peripheral tissues (8) . Indeed, germ-free (GF) mice have been shown to have improved glucose sensitivity and to be protected against obesity and dyslipidemia (9-12), exemplifying the systemic importance of the microbiota. Because of its proximity to the gastrointestinal tract, the liver is strongly affected by the microbiota, and bacterial status has been shown to affect both hepatic lipid biosynthesis (9) and lipid degradation (13) . Several mechanisms linking bacterial metabolic processes with liver metabolism have been described (14) ; for example, microbial processing of dietary fibers, bile acids and choline produces metabolites that regulate the activity of hepatic transcription factors and hence metabolic processes.
In the present paper, we aimed to determine how the gut microbiota affects hepatic lipid metabolism during the metabolic challenge of a high-fat diet and how interaction between dietary lipids and the gut microbiota influences lipid composition and regulation of metabolic pathways.
Materials and Method

Mice
C57Bl/6 mice were maintained under standard specific-pathogen free or GF conditions as described previously (10) . All mice were males age matched and 12-14 weeks of age. Mice were fed irradiated isocaloric diets (45% kcal fat) of identical composition except for the source of fat, which was either menhaden fish oil (Research Diets, D05122102) or lard (Research Diets, D10011202) for 11 weeks (7). Fatty acid composition of the diets is displayed in Supplementary Table 1 . The mice were fasted for 4 hr before they were killed. Blood samples and liver samples were harvested at the end of the experiment. All experiments were performed with protocols approved by the University of Gothenburg Animal Studies Committee.
Lipidomics analysis
Lipids were analyzed by ultraperformance liquid chromatography coupled with time-of-flight MS using a Waters Q-TOF Premier (Waters, Milford, MA) with a methodology described earlier (15) . C3) was added. The data were processed using MZmine 2 (16), which included alignment of peaks, peak integration, isotopic grouping, normalization, and peak identification. Lipids were identified using an in-house lipid species database and based on their MS/MS spectra. The data were normalized using the internal standards representative of each class of lipid present in the samples as previously described (15) . Sphingomyelins were normalized to the PC standard.
The serum cholesterol concentrations were obtained by a metabolomics method based on 2D GC-MS.
Briefly, each serum sample (30 μl) was spiked with 10 μl of internal standard solution (valine-d8, c = 37 mg/l, heptadecanoic acid, c = 187 mg/l and succinic-d4 acid, c = 63 mg/l), extracted with 400 μl of methanol, centrifuged and evaporated to dryness. Cholesterol was converted into its methoxime (MEOX) and trimethylsilyl (TMS) derivative(s) by two-step derivatization using MOX and MSTFA reagents, and a retention index standard mixture (n-alkanes) in hexane was added. The analysis was performed as previously described (17) normalization of the data were done using an in-house developed program Guineu (17) and concentrations of cholesterol were calculated using a calibration curve. Hepatic free cholesterol was extracted using the Folch method (18) and quantified using straight-phase HPLC coupled to evaporative light scattering detection (19) .
Microarray expression analysis
RNA was isolated from the left hepatic lobe using RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis, labeling, hybridization to GeneChip® ST Arrays (GeneChip® Mouse Gene 1.0 ST Array), washing and scanning were performed as previously described (7) . The raw data were normalized using the robust multi-array average (RMA) method (20) . Differential expression of microarray data was evaluated by Student's t-test followed by correction for false discovery rate.
Analysis of interactions, using colonization status and diet as independent variables, was performed by two-way analysis of interaction followed by correction for false discovery rate. Analysis of enrichment of regulated genes within functional categories (gene ontology (GO) categories) (21) 
Results
Interaction between dietary lipids and gut microbiota regulates the levels of cholesteryl esters in the liver
We have previously shown that the gut microbiota affects liver and serum lipid composition in mice fed chow diet (24) and that interaction between gut microbiota and dietary lipids influences adiposity, adipose tissue inflammation and systemic glucose metabolism (7). Here we performed lipidomics analysis of liver and serum from conventionally raised (CONV-R) and GF mice fed lard or fish-oil diet for 11 weeks to study how interaction between the gut microbiota and dietary lipids affects hepatic and serum lipid composition.
GF mice gained approximately 30% less weight than CONV-R mice (data not shown). To investigate the influence of gut microbiota on lipid metabolism independent on differences in body weight we used GF mice that where slightly heavier than their CONV-R counterparts at the beginning of the feeding period. At the end of the experiment the CONV-R and GF mice had matching body weights (Supplementary Figure 1A) . Diet consumption was similar between CONV-R and GF mice, while mice fed lard consumed more food than mice fed fish oil (Supplementary Figure 1B) . Principle component analysis (PCA) of lipidomics data showed that most of the variation in the dataset was induced by diet. Samples separated by diet in the first dimension, which accounted for 96% of the variation among liver samples ( Figure 1A ) and for 91% of the variation among serum samples ( Figure   1B ). Liver samples from mice fed lard separated on microbial status in the second dimension ( Figure   1A ), which represented approximately 1% of the total variation in the dataset. Serum samples did not separate on microbial status in either of the dietary groups ( Figure 1B ).
Dietary lipids affected abundance of the majority of lipid classes both in liver and in serum ( Figure   1C-D) . However, the gut microbiota only induced increased hepatic levels of cholesterol and cholesteryl esters ( Figure 1C ) and decreased serum levels of ether phosphatidylcholines and ether phosphatidylethanolamines in mice fed lard but not in mice fed fish oil ( Figure 1D ).
Despite the relatively small contribution by the microbiota to the overall variation in the lipidomics dataset, many individual lipid species in the liver and in serum were regulated by the gut microbiota (Supplementary Tables 1 and 2 ). To investigate if the effect of the gut microbiota on individual lipid species in the liver and serum was similar, we plotted regulation induced by the gut microbiota in the liver against regulation induced by the gut microbiota in serum and observed a positive linear relationship in both dietary groups (Figure 2A-B ). An exception from this trend was observed for cholesteryl ester species, which were upregulated by the gut microbiota in the liver but not in serum 
Interaction between dietary lipids and gut microbiota regulates hepatic cholesterol biosynthesis
To study how the gut microbiota and dietary lipids regulate liver lipid metabolism, we performed microarray analysis of liver samples from CONV-R and GF mice fed lard or fish oil for 11 weeks.
PCA of hepatic gene expression data revealed that mice separated on diet in the first dimension and on microbial status in the second dimension ( Figure 3A) . To compare how the gut microbiota affects hepatic gene expression in mice fed lard or fish oil, we plotted differences in hepatic gene expression level that were significant between CONV-R and GF mice, with values for mice fed fish oil on the yaxis and values for mice fed lard on the x-axis ( Figure 3B ). We found a linear relationship between microbiota-induced gene regulation in liver from mice fed lard or fish oil ( Figure 3B ), indicating that many genes are regulated by the gut microbiota independently of dietary lipids.
Gene ontology analysis showed that the microbiota induced hepatic expression of genes involved in the immune response in mice fed fish oil ( Table 1) . Most of these genes also showed a tendency towards being upregulated in mice fed lard but did not reach significance in these mice (data not shown). Gene expressions of the macrophage markers CD68, Emr1 (encoding F4/80) and Clec4f were upregulated by the gut microbiota on both diets (Supplementary Figure 2A-C) indicating that the microbiota induces infiltration of macrophages to the liver. However, the expression of genes encoding interleukins was not affected by either dietary lipids or microbial status (data not shown).
Genes in functional categories associated with cholesterol biosynthesis were downregulated by the gut microbiota in mice fed lard (Table 1 , Figure 3C ). Two-way ANOVA also showed that genes regulated by the interaction between dietary lipids and the gut microbiota were highly enriched in processes associated with cholesterol biosynthesis (Table 1, Figure 3C ).
We found that the gut microbiota reduced the hepatic expression of many genes encoding enzymes in:
(1) the mevalonate pathway, including the rate-limiting enzyme HMG-CoA reductase encoded by Hmgcr ( Figure 4A ,B) and (2) the steroid biosynthesis pathway ( Figure 4A ,C) in mice fed lard. The expression levels of these genes were low in mice fed fish oil independent of microbial status ( Figure   4B ,C).
To study the mechanisms underlying the regulation of cholesterol biosynthesis by gut microbiota and dietary lipids, we analyzed gene expression and protein cleavage of sterol regulatory element-binding protein 2 (SREBP2), a key regulator of cholesterol homeostasis. Gene expression of Srebp2 was increased in mice fed lard compared to mice fed fish oil ( Figure 4D ). The bioactive cleaved form of SREBP2 was higher in mice fed fish oil than in mice fed lard, and there was a trend towards a reduction by the microbiota in mice fed lard ( Figure 4E-F) .
The rate-limiting enzyme of bile acid synthesis, CYP7A1, which uses cholesterol as substrate, was downregulated by the gut microbiota both in mice fed lard and in mice fed fish oil ( Figure 4G ).
Taken together, we found that genes involved with cholesterol biosynthesis were downregulated: (1) by the gut microbiota in mice fed lard and (2) by fish oil independent of microbial status.
Discussion
In the present study, we demonstrate that the interaction between gut microbiota and dietary lipids regulates cholesterol metabolism in the liver. The gut microbiota increased hepatic levels of cholesterol and cholesteryl esters and decreased the expression of genes involved in cholesterol biosynthesis in mice fed lard but not in mice fed fish oil.
Fatty acids are absorbed from the intestine and utilized as building-blocks in the biosynthesis of lipids.
In accordance with previous reports (25), we found that dietary lipids strongly affected the abundance and composition of lipids in the liver and in serum. We have previously shown that the presence of a gut microbiota in mice fed a chow diet regulates lipid composition in serum and liver and decreases abundance of hepatic cholesteryl esters (24) . The present study demonstrates that the gut microbiota also influences lipid composition in mice high fat diet. The gut microbiota regulated the abundance of many lipid species but had a modest effect on the abundance of lipid classes with the exception of cholesterol and cholesteryl esters which were upregulated by the gut microbiota in the liver of mice fed lard. The genes encoding sterol O-acyltransferase (Soat1/2), carboxyl ester lipase (Cel) and lipase A (Lipa), which convert cholesterol into cholesteryl esters, were not regulated by the gut microbiota (data not shown). The increased levels of cholesteryl esters in CONV-R mice fed lard may instead result from the increased availability of hepatic free cholesterol.
Depending on dietary composition GF mice may be protected against obesity and associated conditions such as increased levels of triglycerides in the liver (12, 26) . However, this is not always the case and Fleissner et al. have shown that CONV-R and GF mice differ in adiposity and hepatic triglyceride levels on Western diet but not on high fat diet (27) . Here we show that weight matched GF and CONV-R mice on high fat diet have similar levels of lipids in the liver.
In accordance with Rabot et al. (12) , we found that genes involved in cholesterol biosynthesis were downregulated by the gut microbiota in liver from mice fed lard. Interestingly, we also found that expression of genes involved in cholesterol biosynthesis was low in mice fed fish oil independent of microbial status. Cholesterol biosynthesis is controlled by negative feedback through inhibition of SREBP2 processing. We found that the increased levels of hepatic cholesterol induced by the gut microbiota and by lard diet were inversely related to the levels of activated SREBP2. Microbiotainduced inhibition of SREBP2 was paralleled by decreased expression of genes involved in cholesterol biosynthesis in mice on a lard diet. Surprisingly, however, mice fed fish oil had low expression of genes encoding cholesterol biosynthesis enzymes despite high levels of activated SREBP2. Saturated lipids have been shown to induce cholesterol biosynthesis (28) while lipids rich in polyunsaturated fatty acids have been shown to reduce cholesterol biosynthesis in the liver (29) . Moreover, in vitro experiments have previously demonstrated that the polyunsaturated fatty acid DHA activates SREBP2 without increasing cholesterol biosynthesis (30, 31) , suggesting that polyunsaturated fatty acids regulate cholesterol biosynthesis through alternative mechanisms.
Cholesterol is the precursor for bile acids, and hence bile acid production is a potential sink for the hepatic cholesterol pool. In accordance with previous reports on mice fed chow diet (32), we found that expression of CYP7A1, the rate-limiting enzyme in the bile acid biosynthesis pathway, was downregulated by the gut microbiota in mice fed lard and in mice fed fish oil. The decreased levels of hepatic cholesterol in GF mice may therefore be related to increased bile acid production associated with suppression of the FXR-mediated negative feedback loop due to increased levels of the FXR antagonist beta-muricholic acid (32) . Previous investigators have observed increased expression of genes encoding the membrane transporters ABCG5 and ABCG8 in the liver of GF mice (12) and suggested that these proteins may mediate increased cholesterol secretion and decreased hepatic cholesterol levels in GF mice. However, we did not find any differences in the expression of Abcg5 or Abcg8 between GF and CONV-R mice (data not shown). The dissimilarity in regulation of ABCG5 and ABCG8 may be related to differences in experimental design between the studies. In the present study diets with 45% energy from fat were used and CONV-R and GF mice were matched for body weight, while in the previous study diet with 60 % energy from fat was used and GF mice were leaner than their CONV-R counterparts (12) .
In summary, we show that interaction between the gut microbiota and dietary lipids regulates hepatic cholesterol biosynthesis and that the influence of gut microbiota on hepatic cholesterol metabolism is greater in mice fed a lard diet compared to those on a fish-oil diet. 
